The ability of prey to observe and learn to recognize potential predators from the behaviour of nearby individuals can dramatically increase survival and, not surprisingly, is widespread across animal taxa. A range of sensory modalities are available for this learning, with visual and chemical cues being well-established modes of transmission in aquatic systems. The use of other sensory cues in mediating social learning in fishes, including mechano-sensory cues, remains unexplored. Here, we examine the role of different sensory cues in social learning of predator recognition, using juvenile damselfish (Amphiprion percula). Specifically, we show that a predator-naive observer can socially learn to recognize a novel predator when paired with a predator-experienced conspecific in total darkness. Furthermore, this study demonstrates that when threatened, individuals release chemical cues (known as disturbance cues) into the water. These cues induce an anti-predator response in nearby individuals; however, they do not facilitate learnt recognition of the predator. As such, another sensory modality, probably mechano-sensory in origin, is responsible for information transfer in the dark. This study highlights the diversity of sensory cues used by coral reef fishes in a social learning context.
Introduction
To counter the threat of predation, prey individuals have evolved sophisticated mechanisms to assess risk using visual, olfactory, tactile and auditory cues [1, 2] . However, obtaining first-hand information on local predators is dangerous since prey are required to be in close proximity to potential predators. By contrast, information obtained indirectly allows prey to gain knowledge about predators without the risk associated with direct experiences. Animals that live in close proximity to one another have ample opportunity to acquire information by observing nearby conspecifics; not surprisingly, this phenomenon is commonplace among animal taxa [2] . The process whereby less experienced prey (observers) learn from experienced individuals (demonstrators) using social cues is known as social learning [3] . According to reviews by Crane & Ferrari [2] and Griffin [4] , social cues are defined as any cue emitted (voluntarily or otherwise) by a conspecific, with well-known cues including the mobbing calls of birds and alarm calls in mammals. Changes in the behaviour of the demonstrator, including fleeing or hiding responses, also constitute social cues, just as would chemical cues released by conspecifics that are injured (alarm cues) or disturbed (disturbance cues) by predators [5] .
Social learning of predator recognition has been observed in a range of taxa [4, 6, 7] ; however, little work has attempted to identify the reliance on or diversity of sensory modes used in the acquisition of information. Studies have shown that social learning can occur through visual mobbing displays and overt anti-predator responses (mammals, birds, amphibians, fishes and insects), auditory cues such as alarm calls (mammals and birds), and chemical cues such as injury-released conspecific cues (amphibians and fishes; reviewed in [2] ). It is possible that the range of cues being used reflects environmental constraints on information transfer. In aquatic systems, the use of both visual and chemical cues is well documented in fishes [8, 9] . Areas with high visibility and low structural complexity are ideal conditions for reliance on visual cues; however, in areas where vision is obstructed, such as low light conditions, high turbidity and topographically complex environments, organisms are likely to demonstrate a well-developed response to chemical cues. Therefore, variation is likely to exist within a habitat, and individuals may acquire information using more than one sensory system or social cue type.
In the majority of studies on social learning in fishes, the demonstrators and observers were placed in the same observation tank [10] [11] [12] [13] [14] [15] [16] . While these studies have been important in identifying the ability for organisms to socially transmit information about predators, including their level of threat, research now needs to be expanded to isolate the sensory mechanism responsible for the transfer of social information. A study by Ferrari et al. [17] demonstrated learned predator recognition by fishes that observed conspecifics responding to a threat in an adjacent tank. This study was the first to show that the transmission of information could occur in the absence of all but visual cues. For visually oriented animals such as humans, this result seems rather intuitive. However, there is huge potential for other sensory systems to be used for recognition as well. Information on sensory cues responsible for social learning are required to better understand the factors that can potentially affect information transfer, especially in the light of environmental stressors affecting both visual (turbidity [18] ) and chemical (ocean acidification and acid rain [19, 20] ) properties of aquatic ecosystems.
Further evidence for the importance of non-visual cues is that most reef fishes settle from plankton to benthic habitats at night [21] . These site-attached juveniles must quickly learn the identity of local predators as mortality levels are extremely high within the first 48 h [22] . As such, individuals are faced with a myriad of potential predators and nonpredators, necessitating the need to identify those that represent a threat and those that do not. Responding to non-predators wastes valuable time and energy, but failing to respond to predators could cost the prey its life. Under these conditions, it is not surprising that coral reef fishes rely heavily on social information to recognize predators. The importance of social learning in mediating survival was highlighted in a study by Manassa & McCormick [15] , where it was documented that fish that directly learnt the predator odour and those that acquired the information through social learning survived at least five times better during predator encounters than naive individuals. As predator detection is an important process, where a mistake can equate to death, individuals are likely to use all cues available to them.
The present study examines the role of different sensory cues in social learning of predator recognition, using juvenile damselfish, Amphiprion percula, as test subjects. The first part of the study investigates whether a predator-naive observer can socially learn to recognize a novel predator when paired with a predator-experienced conspecific in total darkness. The second part of the study aims to isolate potential sensory cues mediating learning in complete darkness. Specifically, we test whether demonstrators release chemical cues (disturbance cues) upon detecting a threat, and whether these cues mediate social learning in the dark. Disturbance cues are ammonia compounds released by 'disturbed' prey either through the urogenital system or gills [23] [24] [25] . These cues are known to increase vigilance when detected by conspecifics, but to date studies have failed to demonstrate the role of these cues in learning (reviewed in [5] ).
Material and methods (a) Fish collection and maintenance
Amphiprion percula larvae were reared from adult breeding pairs collected from the Great Barrier Reef, Australia, and kept at the Marine and Aquaculture Research Facility (MARFU) at James Cook University (ethics permit no. A1595). Pairs were maintained in separate 70 l aquaria and fed INVE Aquaculture Nutrition 12/20 pellets three times daily. A terracotta pot was placed with each breeding pair to allow adequate surface area for egg laying. On the night of hatching (6-8 days post-laying, appearance of embryos indicates readiness to hatch) egg clutches (with terracotta pot) were transferred to separate 70 l aquaria.
Following hatching larvae were reared in a semi-closed system, with the only water flow being a slow flush of filtered UV-sterilized seawater each night, until larvae were competent to settle at 11 days [26] . By using a semi-closed system, larvae were able to feed ad libitum throughout the day, with any unconsumed food removed each night. The larval feeding regime consisted of rotifers (Brachionus sp.) at five individuals per millilitre each morning for the first 3 days and live brine shrimp nauplii (Artemia franciscana) at one individual per millilitre from day 3 onwards. The ratio of brine shrimp to rotifers was increased each day, with five individuals per millilitre fed from day 8.
Cephalopholis argus were collected from the Great Barrier Reef, Australia, and maintained at MARFU in individual 70 l aquaria. Individuals used to produce predator odours were fed twice daily; however, no feeding occurred 24 h prior to collection of predator odours.
(b) Stimulus preparation
Damage-released chemical cues were prepared according to the protocol of McCormick & Manassa [27] . Donors were euthanized by a quick blow to the head, with 25 superficial cuts (minor flesh damage) made with a clean razor blade. Specimens were then rinsed in 15 ml of seawater, previously obtained from each test tank. The 15 ml of damage-released chemical cue was then filtered prior to use, with the cues used no longer than 20 min after preparation. A total of 75 donors (mean standard length, SL + s.e.: 20.61 + 2.94 mm) were used during the experiment.
Predator odours (C. argus) were collected in such a way that they were free of possible A. percula damage-released chemical cues. Cephalopholis argus were fed a diet of frozen Marine Food (Fish Fuel Co., South Australia; 46% fish product), which do not contain any damselfish cues. The flow-through aquaria system was turned off 2 h prior to experimentation to ensure the predator odours collected just prior to the experiment were concentrated within the holding tanks.
(c) Experimental set-up
Laboratory experiments were conducted in 7.8 l flow-through observation tanks. Each tank contained an air stone placed at the back corner and an additional piece of plastic tubing fastened alongside the airline for cue injection. Dye trials indicated that it took approximately 12 s for the dye to disperse throughout the tank. On the opposite side of the tank each aquarium contained a shelter of coral rubble. The tanks were covered in black plastic rspb.royalsocietypublishing.org Proc R Soc B 280: 20130720 on three sides to block visual cues from adjacent tanks. A single A. percula (mean SL + s.e.: 20.61 + 2.94 mm) was placed into each tank and left to acclimate for 48 h prior to experimentation. To determine whether social learning of a predator odour requires visual cues, a modified version of the well-established three-stage social learning protocol was used [16] . The modified version uses two light conditions during the social learning stage: normal daylight conditions or total darkness (electronic supplementary material, figure S1 ).
(i) Stage A: conditioning of naive demonstrators
Chemical alarm cues are known to elicit a strong anti-predator response and mediate predator learning in a similar way to Pavlovian conditioning. Therefore, in this stage, individuals were conditioned to recognize a previously unknown predator by exposing them to either: the novel predator odour paired with chemical alarm cues of conspecifics (true conditioning) or a seawater control ( pseudo-conditioning which does not lead to learning). Each demonstrator was conditioned individually in a tank. Prior to the initial observation period, the flow-through system was turned off and 60 ml of tank water drawn up the stimulus injection tube and discarded to remove any stagnant water. A further 120 ml was collected and kept for later use. Immediately prior to the initial observation period, 10 ml of live A. franciscana (approx. 2500 nauplii per tank) was injected into the tube followed by 60 ml of previously collected tank water, to flush the stimulus through the tube. The behaviour of the fish was then recorded for 3 min. After the initial observation, one of two stimuli-60 ml of predator odour paired with either 15 ml of seawater ( pseudo-conditioning) or 15 ml of chemical alarm cue (true conditioning)-was injected into the tank, along with a further 10 ml of live A. franciscana. The remaining 60 ml of previously collected tank water was then used to flush the stimuli and food into the tank. This was followed by a final 3 min observation period. The behaviour of 60 fish in each of the two treatments was recorded, with these individuals later used as predator-naive (control) and predator-experienced (experimental) demonstrators in the social learning stage.
(ii) Stage B: social learning stage
Immediately following the final observation period, the demonstrator from stage A was dipped in clean seawater to remove any potential cues, then transferred to another observation tank housing an acclimated naive individual (hereafter, the observer). To differentiate the two fish, the demonstrator was 5 mm smaller or larger than the observer, with fish randomly matched. The two individuals were acclimated for another 2 h before the start of stage B. The learning during this stage was set up under one of two light conditions-light (419-426 lux) or total darkness (0.0-0.1 lux). Experiments took place during daylight hours, with a red light used by the experimenter to navigate around the room when necessary. At the conclusion of the acclimation period, the flowthrough system was turned off and 60 ml of tank water was drawn up the stimulus injection tube and discarded, and an additional 60 ml collected and kept for later use. A 60 ml aliquot of predator odour along with 10 ml of live A. franciscana was injected into the tank and flushed with 60 ml of previously collected tank water. No observations were carried out during this stage. We predict that the presence of predator odour in the tank should elicit an anti-predator response from the predator-experienced demonstrators, but not from the predator-naive demonstrators. Observers paired with predator-experienced demonstrators should have an opportunity to learn to recognize the predator odour as risky.
(iii) Stage C: testing the observer for learning
This stage tests the ability of the observer to respond to the predator odour on its own. This stage is necessary to ensure the observer can display the response in the absence of a nearby demonstrator (true learning versus copying behaviour). Immediately following stage B, the observer was rinsed in clean seawater, then transferred to an empty observation tank and acclimated for 2 h. After the acclimation period, the experimental procedures from stage A were repeated, the flow-through system was turned off, and 60 ml of tank water was drawn up the stimulus injection tube and discarded, with a further 120 ml collected and kept. Immediately prior to the initial observation period, 10 ml of A. franciscana was injected into the tube followed by 60 ml of previously collected tank water, to flush the tube. The behaviour of the observer was then recorded for 3 min. After the initial observation, one of two stimuli-a control (60 ml of seawater) or the experimental stimulus (60 ml of predator odour)-was injected into the tank, along with a further 10 ml of live A. franciscana. The remaining 60 ml of previously collected tank water was then used to flush the stimulus through the tube. This was followed by a final 3 min observation period. We predicted that observers who had successfully learned to recognize the predator odour as risky from their demonstrators should display an anti-predator response when exposed to the predator odour. Those who failed to learn should not respond to the predator odour. A total of 15 observers from each of the four treatments ( predator-naive versus predator-experienced demonstrators crossed with an observer exposed to seawater or predator odour) were tested.
(iv) Behavioural assay
A decrease in foraging and activity are two well-established antipredator responses in damselfish [15, 16, 27] . Thus, the number of feeding strikes and line crosses during each 3 min observation period were recorded. The observation tanks were divided into four equal vertical and six equal horizontal areas (grid of 4.7 Â 4.2 cm rectangles), and every line crossed by the fish was recorded. The number of feeding strikes was recorded regardless of success.
(v) Statistical analysis
Change in behaviour between the initial and final observation periods were used as raw data in the analysis. As activity and feeding are correlated, the two responses were analysed together using a MANOVA approach. The behavioural response of both demonstrators during stage A (true conditioning versus pseudoconditioning) were compared using a two-way MANOVA. The effect of demonstrator experience (naive versus experienced), light condition during stage B (light versus dark) and stage C cue (control or experimental stimulus) on the anti-predator response of observers was assessed using a 2 Â 2 Â 2 MANOVA. A series of factorial MANOVAs were then conducted to determine the significance of demonstrator experience (naive versus experienced) on observer behaviour. Inspection of residuals revealed that the data followed parametric assumptions.
(e) Experiment 2: Do juvenile damselfish release disturbance cues and can they be used as social cues to learn the identity of novel predators?
The goal of this experiment was to (i) assess whether damselfish possess disturbance cues, and, if they do, (ii) assess whether these cues can mediate learned predator recognition. The experiment was carried out in four stages (electronic supplementary material, figure S2 ).
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This stage was identical to stage A in experiment 1 and follows the same protocol. A total of 60 demonstrators were conditioned-30 predator-naive and 30 predator-experienced.
(
ii) Stage II: collection of disturbance cues
This stage exposed the demonstrators from stage I to predator odour. If detection of the predator odour elicited the release of a disturbance cue from the demonstrators, these cues would be present in the surrounding water. We predict that predator-naive demonstrators would not be 'disturbed' by the predator odour, hence would not release disturbance cues. Following stage I demonstrators were dipped in clean seawater to remove any potential cues and transferred individually to clean observation tanks to acclimate for 2 h. The flow-through system was then turned off, and 60 ml of tank water drawn up the stimulus injection tube and discarded, with a further 60 ml collected and kept. A 60 ml aliquot of predator odour was injected into the tank followed by 60 ml of previously collected tank water. After 2 min, 60 ml of tank water containing predator odour and possible disturbance cue was drawn up the stimulus injection tube and retained.
(iii) Stage III: testing disturbance cues on naive individuals
This stage determined whether naive observers respond to the disturbance cues of conspecifics. Naive individuals were exposed to the 60 ml of tank water collected during stage II from predator-naive and predator-experienced demonstrators (n ¼ 15 per treatment). The experimental protocol and behavioural assay for this stage followed that of stage C in experiment 1, with the 60 ml of tank water acting as the stimulus.
(iv) Stage IV: testing if learning occurs following exposure to disturbance cues
The individual from stage III was transferred to another observation tank to investigate whether exposure to disturbance cues paired with predator odour during stage III allowed them to acquire recognition of the novel predator. The observers were exposed to predator odour alone and their anti-predator behaviours were recorded. Again the protocol followed was identical to stage C from experiment 1, with 60 ml of predator odour acting as the stimulus.
(v) Statistical analysis
As for experiment 1, the behavioural response of the demonstrators during stage I (true conditioning versus pseudo-conditioning) was compared using a two-way MANOVA. A two-way repeatedmeasures MANOVA to test the effect of demonstrator experience (naive versus experienced) and stage (stage III versus stage IV) on the behaviour of observers was conducted. The behaviour of the observers was recorded twice, once during stage III and again during stage IV, thus 'stage' was the repeated-measure factor. Inspection of residuals revealed that the data followed parametric assumptions.
Results (a) Experiment 1: social learning in the dark
The demonstrators conditioned with chemical alarm cues displayed a significantly stronger anti-predator response than those pseudo-conditioned with seawater (Pillai's trace ¼ 0.68, During stage III, observers exposed to predator-experienced demonstrators displayed significant anti-predator behaviour, while those exposed to cues from predator-naive demonstrators did not (Pillai's trace ¼ 0.7, F 2,27 ¼ 34.2, p , 0.001). This indicated that disturbance cues were released by predatorexperienced demonstrators exposed to predator odour, with no such cues released by predator-naive demonstrators. However, during stage IV, demonstrator experience did not explain variation in the behaviour of the observers (Pillai's trace ¼ 0.003, F 2,27 ¼ 0.04, p ¼ 0.9). Neither group responded to the predator odour.
Discussion
Our results reveal that, in the absence of light, social learning of predator recognition can still occur in damselfish. This Table 1 . indicates that visual information-the sight of a frightened conspecific-is not a necessary cue to mediate learning. While previous studies have shown that visual information is enough to elicit learning [17] , this is the first study to demonstrate that visual cues are not the only sensory stimuli relied upon for information transfer. It is possible that disturbance cues, released by prey that have detected a predator, could provide the necessary social cues to allow for learning. Our study also shows that disturbance cues elicit an anti-predator response in conspecifics; however, they do not facilitate learnt recognition of a predator. If vision is compromised, organisms need to rely on other modes of information transmission. Studies on amphibians and freshwater fishes have shown that individuals release a disturbance cue when 'stressed', resulting in increased vigilance and anti-predator behaviour in nearby conspecifics [28 -33] . Ferrari et al. [34] found that disturbance cues had an additive effect on the response of fishes to damagereleased chemical cues. If individuals had been pre-exposed to disturbance cues, greater response intensity to damagereleased chemical cues was observed, suggesting that disturbance cues heighten an individual's sense of awareness. However, the few studies that have examined the use of disturbance cues in predator learning have failed to provide support for this mechanism [34, 35] . The results of the present study are similar to previous findings from freshwater fishes [34, 35] : damselfish possess disturbance cues that are able to elicit increased anti-predator behaviour when detected; however, these cues do not mediate learned predator recognition. Some have argued that the absence of learning is due to the context in which disturbance cues are released. These cues may be released in response to predators; however, they indicate a 'disturbed' individual, suggesting that release may also occur as a means of aggression or territorial behaviour [25] . Thus, the lack of learned association between disturbance cues and a novel stimulus may be adaptive, by decreasing the opportunities for learning of irrelevant stimuli.
If social learning of predator recognition can occur in the absence of visual or chemical cues, other senses (mechanical or electrical) must come into play. Damselfish lack electroreceptors present in other fish species, making this sense an unlikely candidate. This leaves mechanical cues as the remaining sense responsible for the ability of individuals to transmit information about risk. Prey fish can detect mechanical disturbances in the water using their lateral line organs, with studies demonstrating the use of this sensory system during nocturnal predation [36] . It is possible that the damselfish are learning the identity of predator by the burst of activity of a nearby frightened conspecific; however, this does not have to be the case. Indeed, it could be a reduction rather than a burst of activity that facilitates learning. Ferrari et al. [34] showed that tadpoles socially transmit recognition of predators among conspecifics and other species with which they co-occur. Predator-experienced demonstrators Mean change (+s.e.) in the number of (a) feeding strikes or (b) line crosses between the initial and final observation periods for A. percula observers exposed to seawater (unfilled bars) or predator odour (filled bars). The observers were previously paired with either a predator-naive or predator-experienced demonstrator under light or dark conditions, and exposed to predator odour.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20130720 reduce activity upon detection of known predator odours, and nearby individuals that were naive to the predator used the reduction in activity as an indication of danger, subsequently learning to reduce their activity upon detecting the predator odour. When the ratio of experienced to naive demonstrators increased, there was a greater reduction in nearby activity, and hence greater information transfer to naive individuals. The same mechanism could be operating in damselfish, as they often reduce activity upon exposure to predators. An alternative to fish responding to changes in mechanical disturbance is that they may be responding to sounds ( possibly alarm calls) emitted by experienced demonstrators. The ability of coral reef fish to use auditory cues has been extensively studied, with the majority conducted on damselfish species [37] [38] [39] [40] [41] [42] [43] [44] [45] . As sound has a low attenuation in water, allowing acoustic signals to propagate quickly over large distances [46] , auditory cues are suggested to be important at night or in poor light conditions when visual cues are limited [37] . With the use of mechanical and auditory cues being common among coral reef fishes (discussed in [47] ), additional experiments that examine the use of these sensory modes are essential to our understanding of social learning.
As predation levels change with life-stage and environmental conditions, prey are required to continuously learn the identity of new predators and modify the risk rating of those that no longer represent a threat [48] . Under these conditions, it is not surprising that individuals respond to the social cues of others. Given the risks associated with incorrect predator detection (e.g. death), prey are most likely to rely on multiple sensory systems for predator recognition. As such, it is likely that cue choice is context-dependent, with the spatial and temporal limitations of each sensory modality taken into account prior to use. If however, one or more sensory cue is unavailable, as occurred in this study (i.e. visual cues), prey may be capable of switching to another, less reliable sensory cue in order to avoid capture.
Coral reefs are often thought of as clear-water environments where visual cues are heavily relied upon. However, the structural complexity of reefs may limit the transmission of visual information. Moreover, for an average of 12 h a day reefs are blanketed by darkness, a fact that further reduces the use of visual information and hence the utility of visual cues in predator learning. Chemosensory cues are therefore likely to be of benefit under these conditions. However, chemosensory cues can be limited by water currents, chemicals released by other organisms (e.g. bleaching corals [49] ) and the associated impacts of climate change (e.g. ability of individuals to respond to chemical alarm cues [5, 19] ). This study suggests that mechano-sensory and/or auditory cues can act as social cues enabling individuals to learn the identity of predators in the absence of visual or chemical information. Therefore, it is likely that fish simultaneously use information from multiple cues to learn about predators, and possess the flexibility to choose the most appropriate and informative Mean change (+s.e.) in the number of (a) feeding strikes or (b) line crosses between the initial and final observation periods for A. percula individuals exposed to potential disturbance cues from predator-naive (unfilled bars) and predator-experienced (filled bars) demonstrators. Following exposure to potential disturbance cues, observers were exposed to predator odour to determine whether learnt recognition occurred.
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